Introduction
Cotton yarns may be produced by different spinning methods including ring spinning, rotor spinning, air-jet spinning and friction spinning. Rotor spinning accounts for more than 30% by volume of the staple yarn produced around the world [1] . Main advantages of rotor spinning in comparison to ring spinning method include less labour force, lower maintenance cost, less number of spare parts, less floor space and lower energy cost because of less machinery involved in the yarn production process. Furthermore, working conditions are usually better in rotor spinning, resulting in better workers' efficiency. Moreover, waste generation for all yarn counts in rotor spinning is significantly less as compared to ring spinning [2] .
In terms of quality, rotor yarns have less mass variation, less count variation and imperfections, because of the elimination of drafting waves in the spinning preparatory process. Moreover, rotor spun yarns exhibit higher elasticity as compared to ring spun yarn [3] . Additionally, yarn breakage rate in rotor spinning is lower, which results in improved production as well as quality of the yarn. However, rotor yarns are weaker as compared to ring yarns at equivalent twist levels because of their structural differences. Therefore, higher twist levels are usually used for rotor yarns in order to achieve strength equivalent to that of the ring yarn. Moreover, rotor yarns are somewhat harsher than ring yarns because of high twist levels and structural difference. Actually, in rotor spinning, the fibres are usually wrapped sequentially onto the forming yarn under very low tensions.
Research on various aspects of rotor yarns, including the yarn structure [4, 5] , the performance of the rotor [6, 7] , the effect of wrapper fibres in rotor yarn [8] , tensile properties of rotor spun yarn [9] , effect of rotor speed on yarn quality [10] , optimisation of open-end rotor spinning machine parameters [11] , torquebalanced rotor yarn [12] , effect of twist level and other process parameters on yarn properties, has been reported [13, 14] . No work has so far been reported on simultaneous optimisation of multiple quality characteristics of rotor spun yarn using the Taguchi method and grey relational analysis, although the Taguchi method has been used to study the effect of different spinning process variables [15, 16] . The grey-Taguchi method has also been used in an attempt to improve the rotor yarn quality [17, 18] . However, the simultaneous optimisation of rotor speed and yarn twist has not been reported previously for multiple yarn characteristics using the grey-Taguchi method, which is the aim of the current study. The Taguchi method offers a systematic approach for the product quality improvement and process optimisation. However, the original Taguchi method could only optimise single response variable. Based on the grey system theory, grey relational analysis is an extension to the original Taguchi method for multi-response optimisation [19, 20] .
Results and discussion
The complete Taguchi orthogonal array and experimental results are given in Table 4 . The results show the values of response variables, viz. yarn tenacity (cN/tex), coefficient of mass variation in the yarn (CVm), yarn hairiness and total imperfections (IPI) at various combinations of rotor speed (rpm) and yarn twist per meter (tpm).
Grey Relational Analysis
In the grey relational analysis, the experimental results are first normalised in the range between 0 to 1 because of different measurement units, using equations 1-3. For yarn tenacity, equation (1) is used, because the goal is to maximize yarn tenacity. For CVm, hairiness and IPI, equation (2) is used, because the goal is to minimise these responses. Equation (3) was not used in our study.
For the larger-the-better characteristic, (1) For the smaller-the-better characteristic,
For the nominal-the-better characteristic, (3) increased by giving two passages through RSB-D35 drawing machine. The properties of the resulting sliver are given in Table 2 . Total of 16 yarn samples of 30 tex linear density were produced with four different twist levels and four different rotor speeds, on R-40 rotor spinning machine. All the yarns samples were produced according to the Taguchi design of experiments based on the factors and levels given in Table 3 . Yarns of 30 tex linear density were produced on R-40 rotor spinning machine according to the Taguchi design of experiments based on the factors and levels given in Table 3 . The characteristics of the produced yarns were determined using standard testing methods after proper conditioning of the samples at standard atmospheric conditions. Yarn tenacity (cN/tex) was measured on USTER Tensorapid-4 in accordance with ISO 2062:1993 test method at a gauge length of 500 mm and an extension speed of 5,000 mm/min. Twenty tests per package were conducted in standard environment (ISO 139:2005) (analysis of variance) was used to determine the parameter that more significantly affects the performance characteristics.
The results of ANOVA for the GRG are listed in Table 7 . It is observed that the rotor speed has the highest contribution of about 83.2% and the yarn twist has less contribution.
Confirmation Test
The estimated GRG using the optimal level of process parameters can be calculated using equation (6) [22]:
where y m is the total mean of the GRG, is the mean of the grey relational grade at the optimal level and q is the number of process parameters that significantly affect the multiple response characteristics. Based on Eq. (6), the estimated GRG using the optimal process parameters can then be obtained. Table 8 shows the results of the confirmation experiment using optimal process parameters. As shown in Table 8 , yarn tenacity improved from 11.6 to 13.3, yarn unevenness is reduced from 13.5 to 13.0, yarn hairiness reduced from 4.97 to 4.48 and yarn imperfections reduced from 146 to 79. Through grey relational analysis, it is clearly shown that multiple performance characteristics of the rotor yarn, particularly the IPI, are significantly improved.
CONCLUSIONS
Use of the Taguchi method and grey relational analysis to optimise the rotor spinning parameters for multiple yarn performance characteristics has been reported. A grey relational analysis of the yarn tenacity, unevenness, hairiness and imperfections where max y i (k) and min y i (k) are the largest and smallest values of y i (k), respectively, and y ob (k) is the target of y i (k).
After normalising the experimental results, the grey relational coefficient ξ i (k) for y i (k) to y 0 (k) is calculated as follows: (4) where Δ 0i = ||x 0 k − || is the difference of absolute value between x 0 (k) and x i (k) and Δ min and Δ max are the minimum and maximum values, respectively, of the absolute differences ( Δ 0i ) of all comparing sequences. Ψ is a distinguishing coefficient, 0 ≤ Ψ ≤ 1. The value of Ψ is to be set to 0.5 to maintain equal weightage of all parameters. The normalised results and grey relational coefficients for each response variable are given in Table 5 . On the basis of grey relational coefficients of each response variable, grey relational grade (GRG), γ i is obtained by averaging the grey relational coefficient corresponding to each experiment. The calculated GRGs are given in Table 6 . (5) where n is the number of process responses.
The higher value of the GRG given in Table 6 represents the stronger relational degree between the reference sequence x 0 (k) and the given sequence x i (k). The reference sequence is the best process response in the experimental results. The higher value of the GRG means that the corresponding process parameter is closer to optimal. Based on this study, the combination of A3 and B1 shows the largest value of the GRG for the factors A and B, respectively. The combination of A3 and B1 is treated as the optimal parameter combination of the rotor spinning with best possible results in respective of all the four yarn characteristics. After the grey relational analysis, ANOVA obtained from the Taguchi method can convert optimisation of the multiple performance characteristics into optimisation of a single performance characteristic called the GRG. As a result, optimisation of complicated multiple performance characteristics can be greatly simplified through this approach. It is shown that the cotton multiple yarn characteristics, that is, yarn tenacity, unevenness, hairiness and imperfections are improved together by using the Taguchi method and grey relational analysis. It is shown that multiple cotton yarn characteristics are improved simultaneously by using the Taguchi method and grey relational analysis. Yarn tenacity was improved from 11.6 to 13.3 cN/ tex, unevenness decreased from 13.5 to 13.0 CVm, hairiness decreased from 4.97 to 4.48 and imperfections decreased from 146 to 79. The scope of this study is limited to cotton yarn and its production by open-end rotor spinning. Further studies are required for different fibres and their blends and their production by other spinning methods.
